INTRODUCTION
Periodontal disease (PD) is the most widespread oral disease in dogs, with studies showing 60 to 97% of dogs having some degree of PD (Gad 1968 , Kyllar & Witter 2005 , Kortegaard et al. 2008 , O'Neill et al. 2014 . While the impact that PD has on oral health is well recognised, the influence of PD as a causal factor in systemic disease and the benefit of effective oral care has recently received increased interest (Rawlinson et al. 2011 , Whyte et al. 2014 . The development of PD is recognised as having multiple risk factors (Van Dyke & Sheilesh 2005) , although plaque accumulation with its highly complex polymicrobial communities is recognised as the primary causative factor for the initiation of gingivitis and progression to PD (Lindhe et al. 1973 , Elliott et al. 2006 , Davis et al. 2014 .
Minimising plaque accumulation is the key means of preventing gingivitis and PD, and various methods of control have been marketed for the pet-owning public (Roudebush et al. 2005) . While tooth brushing has been long recognised as the gold standard control measure, there are well-recognised challenges associated with this method: notably, owner and patient compliance (Roudebush et al. 2005 , Harvey et al. 2015 , Watanabe et al. 2016 . As a result, other methods of plaque control such as dental hygiene chews or specifically formulated dental foods have been developed, with published evidence that they can reduce plaque accumulation. (Gorrel & Rawlings 1996 , Logan, Finney & Hefferren 2002 , Brown & McGenity 2005 . However, the volume of published evidence is low, and most of the published studies assessing the effectiveness of plaque accumulation control have been performed either by, or with the financial support of, the manufacturers of pet oral health products.
To our knowledge there are no studies published previously simultaneously assessing these three methods of plague control within a single clinical trial. The aim of this study was to use a "clean mouth" model to investigate and compare the effectiveness of three stand-alone methods in oral health routine on plaque accumulation in dogs, thereby adding to the evidence for the effectiveness of current dental hygiene products and techniques.
MATERIALS AND METHODS

Recruitment and enrolment
This prospective block randomised blinded clinical trial was approved by Royal College of Veterinary Surgeons (RCVS) Ethics Review Panel (RCVS ERP 03/16) and was conducted in general practice as part of a national BBC television programme "Trust Me, I'm a Vet", which sought to find the answers to some common pet health questions. Due to the study commencing immediately after discharge from the hospital following a routine scale and polish procedure, and to allow for the planning and logistics to allow efficient study implementation, a screening questionnaire was used to recruit owners and dogs who met the inclusion criteria (Fig. 1) . Based on previous work by others that showed ≥60% reduction in mean (±sd) plaque scores when comparing daily brushing with no brushing (3.1 [±0.80] versus 4.9 [±1.14]) or a daily dental chew to no brushing (7.74 [±0.65] versus 11.42 [±1.20] ) (Brown & McGenity 2005 , Harvey et al. 2015 , it was
Exclusion criteria
Inclusion criteria Dogs with Mesaticephalic skull shape Dogs between 10 kg and 20kg Dogs aged 1 to 5 years Owners who are prepared / able to visit the study practice, at least 2, but no more than 4, times in the 6 to 8 week study period.
Dogs that are capable of having their teeth brushed by owners Dogs with owners who are motivated to brush for a 6 to 8 week period Owners who were willing to be involved in the filming process for BBC Dogs exhibiting scores at 0 or 1 for periodontal disease (PD) as assessed at the time of scale and polish Dogs who are not currently registered with "the practice" unless referred by their current veterinary practice. Dogs that neither currently have, or have previously had, periodontal disease Any dogs that exhibit periodontal disease of score 2 (active disease) and above Dogs that have a history of dietary intolerances Dogs that will not tolerate teeth brushing Dogs with behavioural issues that would make it difficult to handle and film in the proximity of unknown/ new people and other animals. Dogs with owners who are not able to brush for a 6 to 8 week period Dogs with Brachycephalic or Dolichocephalic skull shapes.
Broken tooth/tooth extraction found during scale and polish estimated that a minimum of six to eight dogs per treatment group would be required to be 95% confident of detecting a 25% reduction in plaque accumulation (i.e. from a mean of 7.74 to 5.81 with sd of 1.0 to 1.2 for what we considered to be a clinically significant difference among the treatment groups with no negative control group) with 80 to 90% power (Statulator beta. 2014. Sample Size Calculator for Comparing Two Independent Means available at http://statulator.com/SampleSize/ss2M.html). Therefore, the aim was to enrol at least 24 dogs to the study following the scale and polish required to achieve "clean mouth" status. This sample size was increased to at least 30 dogs to allow for some to be lost to follow-up or exclusion from the study after recruitment. Dogs with mesaticephalic head types and normoclusion were recruited within a weight range of 8.45 to 23.9 kg.
A screening questionnaire was introduced to recruited owners by the principal investigator (RA), and was completed in association with the broadcaster of the proposed television programme that would follow the progress of this study. The screening questionnaire was completed by owners whose dogs had visible calculus on the teeth and gingivitis in a routine awake consultation sufficient to warrant a routine dental procedure (scale and polish) to be advised and that could be scheduled to occur within the proposed timeframe of the study. The practice veterinary surgeons were aware that dogs will normally have plaque on their teeth to some extent or another, and a procedure would only be indicated by the additional presence of calculus and possibly mild gingivitis (dogs exhibiting scores at 0 or 1 for PD). It was emphasised to owners completing the screening questionnaire that this contact was to assess their interest in taking part in the study -and was a separate entity from the routine scale and polish (S+P), and not a commitment on their behalf to take part in the study. Owners were also advised that entry into the study would not be confirmed until after their pets scheduled S+P, and dogs may be ineligible in light of the clinical findings at the time of the scale and polish.
A pre-anaesthetic blood panel (Chem 10 CLIP; IDEXX Laboratories, Inc.) was performed on all recruited patients prior to the dental procedure, within which all dogs received a routine scale and polish. Following premedication with doses of 0.3 mg/ kg methadone (Comfortan®; Dechra Veterinary Products) and 0.02 mg/kg acepromazine (ACP Injection 2 mg/mL; Elanco Animal Health) general anaesthesia was induced with a dose of 4 mg/kg propofol (Vetofol 1% w/v Emulsion for Injection; Norbrook Laboratories Ltd) given to effect via an intravenous catheter before being maintained upon gaseous anaesthesia with isoflurane (Isoflurane-Vet; Merial Animal Health Ltd) and oxygen via a cuffed endotracheal tube. Sodium chloride 0.9% w/v intravenous fluids (Vetivex® 1; Dechra Veterinary Products) was administered throughout anaesthesia and during recovery.
Calculus and gingivitis index scoring (Löe & Silness 1963 , Löe 1967 ) was performed using a proprietary dental chart under anaesthesia just prior to S+P. For consistency, all procedures were performed by the principal investigator (RA), using a piezoelectric dental scaler ( Vet Dental) in association with a low-speed angled handpiece (NSK Low Speed Handpiece E-type Contra Angle; NSK UK Ltd) upon an air motor (NSK FX205M Air Motor; NSK UK Ltd). Periodontal assessment (Eubanks 2010 ) was performed after scaling, and dental radiography and extraction performed if clinically warranted. Recruited dogs with clinically relevant periodontal pocketing or requiring tooth extraction were excluded from the study.
Informed consent and signed documentation was obtained from each owner prior to enrolment of their dog onto the study following confirmation that all inclusion and exclusion criteria were fulfilled (Fig. 1) .
Study protocol
Blinding was achieved by using consecutively numbered envelopes containing the treatment group assignment. Both the epidemiologist analysing the data (VA) and surgeon performing the study procedures and assessments (RA) were blinded throughout the entire study including during statistical analysis. Only the practice study co-ordinator was unblinded to treatment groups and was tasked with advising pet owners of the treatment group within which they were enrolled and being the point of contact for owner enquiries for the full duration of the study. Dog owners were aware of the importance of maintaining blinding, and the need to direct any enquiries relating to the study to the practice study co-ordinator.
Dogs were block randomised at recruitment to receive one of three treatments to start after the dental procedure:
(1) Once daily tooth brushing using a toothbrush (TePe Select™ Compact -Extra Soft; TePe Munhygienprodukter AB) and veterinary toothpaste (Enzymatic Toothpaste -Poultry Flavoured 70 g; Virbac Ltd.) A tooth brushing video was sent to all owners to ensure each received a uniform message on how to brush their pet's teeth. (2) Once daily administration of a single dental hygiene chew (DentaStix ® Medium; Pedigree UK) administered as per manufacturers recommendations. (3) A prescription "dental" diet, marketed as being a diet with plaque and calculus reduction properties (Prescription Diet™ t/d™ Canine; Hill's Pet Nutrition Ltd.)
To minimise bias each dog enrolled in the study was switched to their new diet over a period of 3 days following written guidelines provided directly by the practice study co-ordinator at the time of discharge. Dogs in groups 1 and 2 were gradually switched to a premium "control" diet (Royal Canin Medium Adult; Royal Canin UK) while dogs in group 3 were switched to the dental diet (Appendix S1A and B, Supporting Information). Each study participant's individual food intake was calculated by following the manufacturers' instructions, and written instructions were supplied to each owner. Owners had signed a prestudy consent form which confirmed they had read and understood the background study information supplied to them in advance of the study starting. This form also ensured that they were aware that study participation was voluntary, and the importance of treatment protocols (such as the chews and diet) being strictly followed during the study.
During the study, each participating owner was contacted at least twice through telephone, or email if they could not be reached by phone, by the practice study co-ordinator to ensure that they were complying with the requirements of their treatment group. Dogs were excluded from the study at any time point if the owners could not use or apply the assigned treatment, or if dogs did not tolerate the assigned treatment or "control" diet.
Blinded scoring of plaque accumulation was performed at 6-week follow-up, with the time since the previous treatment being no more than 24 hours in groups 1 and 2. Plaque accumulation (coverage and thickness) was scored by a single investigator (RA) using a modified Logan and Boyce technique as described Hennet et al. (2006) which the authors adapted to score a total of 10 teeth: five teeth on each side of the maxillae (upper third incisor, canine, PM3, PM4 and M1) at the end of the 6-week study. Plaque was assessed using a monochromatic eosin 2% plaque disclosing solution (TRACE Disclosing Solution; Young Dental Manufacturing) wiped on the teeth with a saturated Assessment of plaque accumulation using two scores: for each half tooth site the coverage score was multiplied by the intensity number and the scores added to give the total tooth score. The scores were then added together and divided by the number of teeth (n=10) to give the final mouth score. (B) At the time of plaque scoring, disclosing solution (which does not adhere to enamel or dentin) was applied to the buccal surface of the teeth using a cotton bud. This highlighted the plaque, which was scored by dividing the crown into two halves -gingival and coronal, and scoring the plaque in each half: both percentage coverage and thickness (colour intensity)
Prospective dental plaque study cotton bud. The teeth were assessed on the buccal surface only with the crowns divided into two halves horizontally -gingival and coronal. Each half was assigned a separate numerical score based on percent plaque coverage and thickness (dye intensity). Plaque coverage was assessed using the following criteria: 0=no observable plaque; 1=plaque coverage up to 25%; 2=between 25 and 50% coverage; 3=between 50 and 75% coverage; 4=greater than 75% coverage. Plaque thickness was based on the following criteria: 1=light; 2=medium; and 3=heavy ( Fig. 2A and B, and Appendix S2). The plaque coverage number was multiplied by the intensity to give a gingival and coronal value for each tooth.
These two values were then added together to obtain the "tooth score," and all tooth scores added together and divided by the number of teeth scored (10) to obtain a "mouth score" -the maximum potential score being 120. Following plaque assessment, the owners were advised that the study was complete and that they may gradually return to their pet's original diet should they wish to do so.
Data analysis
Data were entered onto an Excel spreadsheet and then transferred to a commercial statistical package for analysis (Statistix version 10). Average mouth scores for each treatment group were estimated and descriptive statistics are reported using median, minimum and maximum values with rank, as mean and variance. After assessing the data for the assumptions of normality and equality of variances, and due to the small sample sizes for each treatment group and the ordinal scoring data, a nonparametric approach using the Kruskal-Wallis one-way analysis of variance (ANOVA) and Dunn's post hoc pairwise comparisons by treatment group was considered most appropriate for these data. After randomisation, age, body weight at time of S+P, body weight at time of assessment and change in body weight from the time of S+P to the time of assessment were assessed among the treatment groups. All analysis was carried out blinded and the treatment group assignment was unblinded following circulation of results to all study investigators. For all hypothesis tests, the level of significance was set at P<0.05. Dunn's post hoc pairwise comparison procedure controls the experiment-wise error rate similar to the Bonferroni comparison of means procedure for the parametric ANOVA.
RESULTS
A total of 33 dogs were assessed as being potentially suitable for inclusion within the study, and completed a screening question- naire. Randomisation following the predental screening questionnaire resulted in three treatment groups with 11 dogs in each. A total of 11 owners/dogs dropped out or were excluded from the study: six dogs failed to present for their scheduled S+P, four dogs were excluded due to dental pathology identified at the time of S+P (one dog each with retained deciduous canines that required extraction, bilateral absence of PM3, stage 3 PD and tooth extraction required) and one dog assigned to the therapeutic diet group was withdrawn due to chronic diarrhoea that did not rapidly respond to symptomatic treatment. The remaining 22 dogs were included in the data analysis. On two occasions, dog owners reported mild gastrointestinal upsets in their dogs and stated they had given them a meal that was off treatment (e.g. scrambled egg and rice) but were able to return to the study diet within 24 hours. Descriptive statistics for age, body weight at time of S+P, body weight at time of assessment, change in body weight or time to assessment after S+P by treatment groups are shown in Table 1 and the breed distributions are shown in Table 2 . There were significant differences in tooth score assessed at 6 weeks after scale and polish (P=0.0001, Table 3 ). Tooth brushing resulted in a significantly lower median mouth score of 1.25 compared to feeding the Hills t/d diet with a median mouth score of 4.65; tooth brushing also resulted in a significantly lower mouth score compared to the median mouth score of 4.10 for the Dentastix chew once a day. The mouth score for the diet and dental chews were not significantly different from one another and there was greater variability in the mouth scores for these two groups of dogs compared to the tooth brushing group (Fig. 3) .
DISCUSSION
To our knowledge, this study is the first prospective block randomised study to assess plaque accumulation performed within a general practice setting and the first to compare three commonly used plaque control methods concurrently. These elements improve the internal validity, external validity/generalisability and relevance of the results to the general practice dog population.
While a placebo control group may have been included as a fourth group within the study it was felt that this was not justified due to the current published evidence that supports the need for some type of ongoing control of plaque accumulation (Scherl et al. 2007 ). In addition, the RCVS Ethics Review Panel agreed that it would not be appropriate for one group to be excluded from clinically beneficial treatment. A limitation of this study design is that it may have introduced a degree of variability in the results due to differences in owner compliance, mouth size and bodyweight and this could have impacted on the consistency of applying the tooth brushing treatment in particular. The variances of the mouth scores for each treatment group show that there was much less variability in mouth scores for the tooth brushing group, suggesting that good uniformity in plaque control can be achieved. This was evident after only 6 weeks, yet is could be postulated that a longer study may result in an even greater divergence in plaque accumulation between the groups due to the aggregative behaviour of plaque accumulation. This would likely strengthen the statistical findings by further differentiating the total mouth scores, and is an area that warrants further investigation.
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The inclusion and exclusion criteria for recruitment and enrolment of owners and their dogs into this study likely resulted in a selection bias towards a highly motivated sub-population. Likewise, the supportive and encouraging relationship between the production company and dog owners for the length of the study was likely to encourage owners to persist with the assigned treatment. While this may have strengthened the study by minimising loss to follow-up, compliance issues with tooth brushing are a rec- Table 3 . There were significant differences in tooth score assessed at 6 weeks after a scale and polish (P=0.0001) *Based on Kruskal-Wallis one-way analysis of variance; Dunn's post hoc pairwise comparisons by treatment group revealed that tooth brushing was significantly better than the therapeutic diet or a dental chew in minimising plaque accumulation 6 weeks after a scale and polish.
ognised problem in the dog owning population (Miller & Harvey 1994) . Further studies containing larger patient numbers and with less intrastudy support, may provide increased scope to review the effectiveness of the three techniques taking into account factors such as intention to treat. It is suggested that increasing knowledge in this area could increase the effectiveness and relevance of plaque control strategies within the general pet dog population. A further factor which should be considered in directly applying these results to the general dog population is in the screening questionnaire (Fig. 1) which defined the population group studied. While the results of this study clearly demonstrate the benefit of brushing over alternate means of plaque control in this population of dogs, the effect in other segments of the dog population, such as: older dogs, those with brachycephalic head shape and more advanced PD is an area for further investigation.
One area of the study that may be improved upon in future is the method of measuring plaque accumulation. The modified Logan and Boyce plaque index uses specific anatomical landmarks to create horizontal division and a shade scale to assess plaque thickness (Hennet et al. 2006 ). This technique has been shown to be a more precise means of assessing of global plaque than the Logan and Boyce index, and while the modified Logan and Boyce plaque index may still be subjective, studies have shown that its use improves reproducibility, specifically when assessing gingival plaque accumulation. This made it the plaque scoring technique of choice for use in this study (Hennet et al. 2006) .
Other methods such as quantitative light-induced fluorescence (QLF™), while more complex, have been shown to reduce subjectivity in the assessment of plaque accumulation, and can also reduce the sample size required to monitor plaque accumulation (Wallis et al. 2016) . While beneficial in measuring plaque accumulation as defined as coverage of the tooth, one area in which QLF™ requires improvement is in the measurement of plaque depth, and Wallis et al. (2016) advised this is an area that warrants further investigation.
The novel format for this study: performing a clinical study, in general practice as part of a national television programme did create specific challenges, namely in relation to the short timeframe between study design/ethics approval and commencement of data collection. This was somewhat offset by the useful involvement of the production team in greatly assisting with the progression of the project. Going forward with future studies in primary care practice requires some thought as to the best means of enabling such research. While clinical trials are relatively easy to design and analyse, they are much more time consuming in terms of use of staff members to facilitate the running of the study. Prospective cohort studies with good case definitions and study protocols may offer practices greater opportunity to participate in clinical research without impacting greatly on day to day duties. Further work examining the effect of a combination of plaque control methods, such as dental chews in combination with a therapeutic diet, might provide additional benefit over either one alone. Also, frequency of tooth brushing and owner compliance is something that should be investigated more fully to motivate those owners that are unable to achieve daily brushing and encourage them to brush as often as they can. We suggest that this study design could serve as a template to clarify these questions.
In summary, the findings of this study demonstrate that this study design is an effective means of assessing plaque accumulation over a 6-week period using a clean mouth model. Secondly, this study conclusively demonstrated that daily tooth brushing was greater than three times more effective at controlling plaque accumulation compared to using a daily dental chew or diet over a 6-week period.
